A B S T R ACT Phases of insulin release were studied in the perfused pancreas during a variety of glucose stimulation patterns. Patterns included staircase stimulations, constant prolonged single steps, restimulations, and ramp functions. Except at low concentrations, prolonged single steps of glucose elicited early spikes of insulin and a slowly rising second phase. Total insulin in the initial spikes increased with higher glucose concentrations. However, the time-related pattern of these spikes was similar in all cases; ratios of initial secretion rate to total insulin released were constant. Total insulin released in this early phase approximated a sigmoidal function of glucose concentration; mathematical differentiation of this function gave a skewed bell-shaped distribution curve. Staircase stimulations caused insulin to be released as a series of transient spikes which did not correlate with the increment of glucose but rather to the available insulin for a given glucose concentration minus that released in previous steps. The sum of total insulin released as spikes in a staircase series leading to a given glucose concentration was the same as when that concentration was used as a single step. Interrupted prolonged glucose infusions indicated the second phase of insulin release could prime the pancreas and that the first and second phases were interrelated. When glucose was perfused as ramp functions of slow, increasing, concentration, phasic response disappeared.
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A previous two-compartmental model was expanded to include a threshold or sensitivity distribution hypothesis. This hypothesis proposes that labile insulin is not stored in a homogeneous form but as packets with a bell-shaped distribution of thresholds to glucose. These packets respond quickly when their threshold levels to This work was presented in part at the Pan American
Congress of Endocrinology, Sao Paulo, 1970 ; and the International Diabetes Association, Buenos Aires, 1970 .
INTRODUCTION
Studies performed in vitro (1-3) and in vivo (4) (5) (6) have established that the pancreas responds to constant stimulation with a multiphasic pattern of insulin release.
On the basis of these patterns we initially described a two-compartmental mathematical model which suggested that a small amount of stored insulin may be in a form particularly labile to stimulating agents (7) (8) (9) . Subsequent studies, using continuous staircase stimulations, showed that the characteristic initial spike of insulin release was not due to depletion of a single labile compartment since more insulin was elicited at each higher glucose step (10, 11) .
In the present study, a working hypothesis is described which suggests that insulin in the labile form or "compartment" is nonhomogeneous' consisting of elemental packets of insulin distributed in a bell-shaped function as to their glucose thresholds. These packets rapidly release insulin when their thresholds to glucose are reached or exceeded. The hypothesis permits simulation of the observed insulin secretion after a variety of glucose stimulation patterns including single step, staircase, and ramp functions.
Since similar spike patterns of release have been observed for other endocrine systems (12, 13) , the threshold distribution hypothesis may apply to systems other than the (-cell. 1 By definition, a compartment is usually considered homogeneous. Though our labile stored form of insulin is now presumed to be nonhomogeneous, the term compartment is sometimes retained for consistency with previous discussions (7) (8) (9) 
METHODS
Specific details for the in vitro perfusion technique of the rat pancreas and the immunoassay for rat insulin have been described in our earlier publications (1, 2) . In brief, the pancreas with the adjacent stomach, spleen, and part of the duodenum was removed from fasted rats whose blood sugars averaged 80 mg/100 ml. The preparation was placed onto the perfusion apparatus and perfusion media, consisting of 4% albumin (Cutter Laboratories, Berkeley, Calif. and Abbott Laboratories, Pasadena, Calif.2) and phosphate-bicarbonate buffer, was introduced into the celiac artery. The complete effluent was collected from the portal vein every 30 or 60 sec after a single passage through the pancreas. Flow rates were 10 ml/min. After a 13 min equilibration period, glucose was introduced by multiple infusion pumps in a variety of patterns, including prolonged single-step functions, interrupted steps, and staircase functions. Ramp functions of linearly increasing concentrations, but varying in slope, were achieved by means of an LKB gradient mixer introduced before the perfusion pump.
All simulations were done .on a digital computer PDP-12 using 8K-FOCAL (1969) language. RESULTS Though the results of staircase glucose stimulations ( Fig. 1) prompted development of the packet hypothe- 2 We wish to express our gratitude to Doctors M. Mozen and A. Pappenhangen of Cutter Laboratories, Berkeley, Calif. and Dr. J. Holper of Abbott Laboratories, South Pasadena, Calif. for their generous assistance in providing the large supplies of albumin necessary for these studies. sis, the single step glucose stimulations (Fig. 2) provided all data for formulation of the mathematical model. It is emphasized that once established by the data in Fig. 2 , all simulations were made without modification of the model and independently of the respective experimental-results. The simulations were plotted together with the experimental data to reduce the number of figures. Fig. 1 shows the summary of staircase glucose stimulations. Glucose at 50 mg/100 ml had no detectable effect on release of insulin. When glucose concentration was raised to 100 mg/100 ml, the characteristic spike response occurred. Despite maintained glucose levels, secretion rates fell logarithmically to less than 5 min rest, the pancreas was exposed to a second stimulation with the same glucose concentration. As we previously noted (7-9), prolonged high glucose stimulation results in a pancreas hypersensitive to further stimulation. In these representative experiments, maximum 4 shows that the multiphasic response still occurred when glucose concentrations were increased to high levels during a 5 min period instead of as a rapid step. After a few minutes, a paradoxical decreasing secretion rate could be produced, despite ascending glucose levels.
When a period of 1 hr was used to increase glucose from 50 to 250 mg/100 ml ( Fig. 5) , insulin secretion gradually increased with little evidence of multiphasic responses.
MODEL General features
The original two-compartmental model consisted of a large, and a small, labile compartment, the latter containing only a minute portion (ca. 2%) of the total pancreatic insulin. Insulin could exchange between compartments though the rate was slow. Fig. 6 depicts the gross features of such a model, but includes also the refinement according to the present hypothesis: the labile form now consists of "packets" of insulin with similar capacity to release insulin in terms of time but whose threshold sensitivity to glucose varies according to a distribution density function. In the diagram, the distribution density function is schematically represented by the vertical density of circles. The amount of insulin acutely released by a given constant glucose concentration is related to the total amount of packets (circles) whose thresholds are encompassed by the increment of glucose produced. After any change from the original steady state (either by partial emptying or refilling), the packets slowly re-equilibrate to their original distribution. The model also takes into account an additional action of glucose to stimulate reappearance of new packets either via synthesis of insulin (de novo or by conversion from precursors) (Fig. 6a) , or through activation of stable stored insulin (Fig. 6b) . In the first case, a hypothetic provisionary or potentiation factor is assumed to mediate the new synthesis; in the second, the same factor controls the transport or activation of insulin from the more stable to the more labile form. As indicated in Fig. 6b , part of this labilized insulin may be released directly from the large compartment as well as by way of the labile storage form. The production of the provisionary factor is assumed to be dependent upon the instantaneous glucose concentration and in each scheme, its function is essentially the same: provision of insulin to the more labile storage state.
Formulation
Release of insulin from packets. For any glucose concentration there is a specific amount of releasable insulin, the amount in the packets whose sensitivity to glucose, expressed in the threshold level, 0 (in units of glucose concentration), is between 0 and 0 + dO, i.e. t(O,O)dO. Here t(0,0) is the initial threshold distribution function. The total amount of insulin, releasable at a given glucose concentration G, is then:
The function X(G,0) is the initial integral distribution function which can be determined from the data in Fig. 2 . This is plotted in Fig. 7 as the total amount of insulin released in the first phase (area under the initial spikes) against glucose concentration. Replotting these data on probability versus log G grid, it was found that they satisfy a log-normal (skewed gaussian) density distribution function. For the purpose of simulation, this function is approximated analytically by: XmaxGk X(G,0) -+ Gk' (2) where Xm,,,, is maximal releasable amount of labile insulin (1.65 ,ug of insulin per pancreas) and C and k are constant: C = 1.51 X 107 and k = 3.3.
From this analytic expression, the (initial) density distribution function is determined by differentiating (2) with respect to G, viz:
Both (initial) distribution functions are shown in Fig. 7 . The available insulin in the labile form for any step function or staircase function stimulation with glucose can be determined by inspection.
To compute the secretion rate, S(G,t), for any time during the initial spike we assume a first order process, i.e., the appearance of insulin in the perfusate is proportional to the amount of available insulin in the packets, t(O,t)d&. Thus, at any constant glucose level, G, and any time, t: (0,t) = -m(G) (Ot)y (4) or t(0,t) = t(OO)e-m(G)t (5) Threshold Distribution Hypothesis for Packet Storage of Insulin so that the secretion rate is: (6) where m (G) is the rate coefficient for release and X (G,0) is defined by equation 1. . Kinetics of the provisionary factor P(G,t) is assumed to be of the first order:
m'(G) may be determined from the ratio of the height to the area under the spike. As shown in Fig. 8 this ratio was approximately constant so we may conclude that the rate coefficient of insulin release is independent of glucose concentration, m (G) = m = 0.622 min1.
Refilling of the labile storage form. At present, refilling involves at least three processes which are difficult to separate and quantitatively evaluate. These include: (a) reversible exchange from the large compartment, (b) a potentiating effect of glucose to increase provision of additional insulin to the labile packet system; and, (c) redistribution of packets within the labile system to approach the original distribution. On the basis of previous studies (9), the first process was used in current simulations but employed small values for the exchange coefficients (0.001 and 0.01 min'). This process is not included in the following mathematical treatment in order to more clearly present newer aspects of the model.
Because of the slow increase in the second phase of insulin release and its gradual approach to a steady (9) with a (G) being the nonspecific disappearance rate coefficient, possibly a function of glucose concentration and, P(G,oo), the steady state of P(G,t)-a definite function of glucose concentration. The product, a (G) P (G, X ), is, for any glucose concentration, the steady-state production rate of the provisionary or potentiation factor.
Analogously to equation 4 we describe the rate of change of the amount of insulin in the packets of thresholdO, forO < G as: (10) andforO> G,as:
The By integrating equation 10 between 0 and G and equation 11 between G and 00, we arrive at the rate of change of the total releasable amount of insulin by constant glucose concentration G: kI(G,t)= G(0,t)dO= -mXi(G,t) + r(G)P(G,t) -r'(oo)X1(G,t) + r' (G){ Xi (G,t) + X2 (G,t)}, (12) and the rate of change of the amount of nonreleasable insulin by glucose concentration G:
+ {r'(oo ) -r'(G)} X1(G,t) -r (G)X2 (G,t). (13) In this equation: At the steady state, the secretion rate (both instantaneous and one minute integral) becomes:
So(G,oo) = S(G,oo) = mXl(G,oo) = r(oo)P(G,0o). (14) Though exact details of the refilling processes require additional testing, some clues are available as to their nature under special circumstances. For large values of G (above 300 mg/100 ml), the labile system is practically exhausted and therefore the redistribution process within it is insignificant. Thus, the right hand side of equation 13 tends to zero: the first two terms dwindle on account of the vanishing differences enclosed in brackets and the third term becomes small because X2(G,t) is the integral between G and of a function vanishing for G above 300 mg/100 ml. Thus, equation 12 becomes approximately:
X1(Gt) --mX(G,t) + r(oo)P(G,t), (15) suggesting a linear differential equation with two unknown parameters, a(G) and r(oo )P(Goo) (cf. equations 9 and 14). By the method of least squares, we found a satisfactory fit to the linear processes described by equations 9 and 15, even for other values of glucose concentration. The results of the least squares analysis are shown in Fig. 9 . They suggest that a (G) does not vary with G.
Function r (oo ) P (G, oo), which determines the ultimate steady-state maximum secretion rate of the provisionary phase, was approximated for the purpose of simulations by: r(oo)P(G,oo) 0.5G10 8.875 X 1021+2.25X 10'5G3+3.5X 1o6G7+Glo (16) The values of this function at different glucose concentrations are shown in Fig. 10 . Note that although the value of this function at G = 100 mg/100 ml is Threshold Distribution Hypothesis for Packet Storage of Insulin finite, it appears to be zero because of the graphical problem to plot 0.0043,g/min4 on that scale. Equations 12 and 13 were used for the simulations; as noted on page 2052, the comparatively small contribution to release by exchange from the large compartment was not included in these formulations but was in the actual simulations.
Ramp function stimulations. In these types of stimulations, the availability of insulin increases continuously with time at a rate R(t) so that the total amount of insulin at any time, X{G(t),tJ = f t(Ot)dO will change as follows:
)C{G(t),t} = R(t) -mX{G(t),t} +r(oo)P{G(t),t}, (17) where approximation 15 was used for simplicity. The function R(t) is determined by considering the contribution of insulin from the various packets when glucose increases by dG. Then, the insulin contribution is t{G(t),t}dG and the rate is this insulin contribution divided by the time interval dt over which it occurs. viz.:
For the ramp function the rate of change of glucose concentration is constant, hence, dG(t) = c.
(19) dt (9 4This rate is approximately one-half that which would be detectable by the assay procedures used (Fig. 2 ) but could make a significant contribution to the low threshold packets during a post stimulation rest period. Application of theoretical model (20) (21) Fig. 1 shows that the mathematical model approximates results obtained when glucose was presented to the pancreas in a series of steps of increasing concentration (staircase). Each response reflects mobilization of those packets in the small labile storage form whose thresholds are encompassed by a given glucose level minus those released by a previous step. Because of the bell-shaped distribution of these packets (Fig. 7) , only a small amount of insulin was released during stimulation with low glucose (100 mg/100 ml). Most of the remaining components are sensitive up to mid-range concentrations of glucose; therefore, when glucose levels were increased to 150 mg/100 ml a large response occurred. A smaller number of high threshold packets are present to respond to the 200 mg/100 ml glucose step. During the 20 min of this experiment, provision slowly increased with increasing glucose concentration, contributing to the progressive rise in secondary insulin secretion. Fig. 2 shows comparison of the theoretical curves with the experimental results when various concentrations of glucose up to 500 mg/100 ml were presented to the pancreas as single prolonged step stimulations. Examination of the variables and constants used to fit the experimental results from Fig. 2 reveals that the provisionary factor, P, becomes large by the end of the perfusion period. The disappearance constant a is small so that P is dissipated slowly. When glucose stimulation is stopped, both release of insulin and production of P halt immediately. The model, however, predicts that the pancreas has not reverted to its original state since the residual P continues to provide insulin into the labile storage form. Since this insulin exchanges only slowly with the large compartment, its concentration continues to increase and can exceed that present even at the beginning of the experiment. Thus, after a 5 min rest, insulin secretion rates were greater after restimulation than those achieved at any time during the first hour (Fig. 3) .
Figs. 4 and 5 give the theoretical and experimental results when glucose was presented to the pancreas in constantly increasing concentrations (ramp functions). According to the model, when glucose concentrations were increased to high levels during a 5 min period instead of as a rapid step (Fig. 4) , the rate of increase in glucose concentration was still sufficiently fast to mobilize most of the available insulin in the labile storage system within minutes after the minimal threshold was achieved.
When a period of 1 hr was used to increase glucose from 50 to 250 mg/100 ml (Fig. 5) , depletion theoretically was slow; experimentally, insulin secretion gradually increased with little evidence of diphasic responses.
DISCUSSION
The threshold distribution hypothesis for packet storage of insulin. If increased glucose (or one of its metabolic signals) acts by simple mass action to increase the number of collisions on a homogeneous set of targets, a continuous sub-maximal glucose stimulation would be expected to cause a moderate release of insulin, declining only as total insulin in the labile form became slowly exhausted; total insulin released at all glucose concentrations would eventually be identical.
However, our staircase experiments showed that the initial spike of insulin release (at 100 mg glucose/100 ml) was not simply depletion of a labile compartment; increase of glucose to 150 mg/100 ml caused an additional spike in which even larger amounts of insulin were released. Similarly, in the single step experiments, the amount of insulin released during the initial spike was greater with higher glucose concentrations. In all cases, the observed patterns of the early release phase were the same whether marginal, submaximal, or maximal glucose levels were used; secretion rates rose and fell within 3-4 min and the ratio of maximum secretion rate (height of spike) to total insulin released (area under the spike) was constant. The sum of total insulin released as spikes in the staircase series leading to a given glucose concentration was the same as when that concentration was used as a single step. These experiments are consistent with a sensitivity or threshold distribution hypothesis in which insulin is not stored in homogeneous form but as a distribution of packets (see model, Fig. 6a and b) ; these packets respond similarly and quickly when their threshold levels to glucose are reached or exceeded.
Insulin released during the initial phase was a sigmoidal function of glucose concentration (Fig. 7) . The half-maximum for glucose of approximately 135 mg/100 ml and a maximum of 300-500 mg/100 ml were similar to those found in man (14) , or after static incubation of rat islet preparations (15) . There can be many interpretations of a sigmoidal response (e.g., an associative enzymatic process); however, sigmoidal patterns when differentiated mathematically yield a bell-shaped distribution function. In our case, the somewhat skewed bell-shaped curve could be taken as the distribution of insulin packets as to their glucose thresholds. It is seen that only a small number of packets are capable of responding at low concentrations of glucose (100 mg/ 100 ml), more respond by mid-range concentrations (150 mg/100 ml), and a small additional number are found with a threshold to glucose of 200 mg/100 ml.
Significance of increment vs. concentration of stimulator as the modulator for insulin secretion. The staircase studies show that insulin release may not be determined by the absolute increment of a stimulus. In these experiments the amounts of secreted insulin differed for each step though the glucose increments were the same (50 mg/100 ml). Secretion may be determined, instead, by the number of packets whose threshold to glucose is reached during a particular step, minus those previously released. Therefore, if the initial stimulation is sufficiently low to affect only the relatively few low threshold packets (e.g., 100 mg/100 ml), a subsequent increase in concentration (150 mg/100 ml) would cause a sharply increased insulin release. This could explain the increased response of the pancreas to a sudden higher glucose stimulation noted by others (16, 17) Refilling or reactivation of the labile packets. In the model (Fig. 6) For provision, a hypothetical agent, P is used to mathematically cause the delayed second phase of insulin release. It was assumed that P provides insulin in the same distribution as that initially found in the labile form. However, this is not an essential feature of the threshold distribution hypothesis and will be subject to further testing. The source of the insulin supplied by P is also not established. If newly produced insulin arising either from de novo synthesis or conversion from proinsulin or other precursors is the source, it could be preferentially released from the pancreas (see model option Fig. 6a ). This concept of preferential release of newly formed insulin was initially proposed from analysis of our preliminary model (9) and has been suggested for other endocrine systems (19, 20) . However, experimental support based on the incorporation of labeled amino acids into insulin and the preferential secretion of proinsulin is inconsistent (21) (22) (23) (24) (25) (26) . Alternatively, the model is equally applicable if the provisionary action of glucose is assumed to act on the conversion of the stable insulin stored in the large compartment to the more labile form. An important feature of this option is that it provides for the possibility that some insulin can be released directly from the large stable form without being regulated by the factors controlling release from the smaller one. With this option, de novo synthesis would play only a minor role by adding slowly to the stable stored insulin.
When high glucose is stopped after a prolonged stimulation, the residual P temporarily continues to provide additional insulin into the resting labile system which can become superfilled. This can account for the hypersensitivity of the pancreas noted when prolonged glucose or calcium is followed by a rest and restimulation in vitro (Fig. 3 and reference 27) . A similar hypersensitivity to prolonged glucose has been produced in man (4) .
Both phases of insulin release had similar sensitivities to glucose, indicated by the identical half-maximum and maximum effective glucose concentrations obtained for each phase (Fig. 7 and 10 ). Thus, a common glucoreceptor or glucose-mrediated signal may exist. Since both insulin phases are depressed in the mild diabetic (28) , the defect in this condition may be at the level of the initial glucose sensitivity.
The provisionary mechanism on which glucose acts is metabolically different from the mechanism for release. In contrast to initial release, the provisionary phase is partially blocked by puromycin (2) or cyclohexamide (29) . As we previously noted (2, 8) , this probably indicates a partial dependence of the second phase on some rapidly turning over protein; numerous studies suggest this phase occurs too promptly (21, 22, 30) to be explained solely on the basis of a glucose stimulation of insulin synthesis. The secondary phase is more dependent on maintenance of the electron transport system than initial release since it can be strongly inhibited by oligomycin (personal observations) and enhanced by energy sources (31) . Electron microscopic examination of the pancreas reveals that there is increased Golgi activity during the provisionary phase and the appearance of newly formed granules in this organelle (32) . Thus, a specific inhibition of either phase could occur with drug action or in clinical states, though basic sensitivity to glucose may remain intact.
General considerations. A series of observations now support the proposal based on model analysis (7, 8) that insulin may exist in more than one storage form. The large stable form in the model may reflect the typical storage granules. The labile storage form may include: (-cell granules aligned along microtubules (33); pale granules which are increased in conditions associated with increased insulin secretion (34, 35) ; or the small microvesicles located in or around the Golgi apparatus (36) (37) (38) (39) . Also, the labile storage form may simply represent a geographical localization of granules at a site readily available to stimulating agents. Within any of these storage systems, a normal distribution of packets differing in maturation, localization, and sensitivity to glucose is not unlikely. Concurrent to our development of the threshold distribution hypothesis for insulin storage, Matthews and Dean (40) observed that an increased number of (-cells initiate action potential discharges with increasing glucose concentrations. Though it is unknown if these studies directly relate to the rapid phase of insulin release, they suggest the threshold sensitive characteristic could be among (-cells rather than within a single cell.
It is emphasized that no mathematical model can describe all the complexities of a physiologic process. Additional testing is required to establish characteristics of direct release from the large stable storage form, as well as the exact quantitative contribution to reactivation of the labile system by exchange, redistribution, ,and by provision. The possible role of feed-back inhibition by stimulator (1, 41) or insulin (42) (43) (44) (45) (46) (47) Other secretion systems often respond to constant stimulation with multiphasic secretion patterns. These include release of acetylcholine (13) , parathyroid hormone (12) , vasopressin (20) , adrenocorticoids (48) , and glucagon (49) . Furthermore the existence of unit packets has been proposed to play a role in release of acetylcholine (50) . It seems possible therefore that the threshold distribution hypothesis for packet storage, developed from kinetic studies of insulin release, may have general applicability to many neurologic, exocrine, and endocrine systems.
